Objectives: Acute kidney injury is a frequent complication after cardiac surgery. The purpose of this study was to assess the risk factors for acute kidney injury in patients 60 years of age undergoing cardiac surgery and to compare these risk factors with those identified in patients !65 years of age.
Factors associated with postoperative increase in creatinine on multivariable analysis.
Central Message
This study identified both common and distinct risk factors associated with postoperative increase in serum creatinine between patients 60 years and those !65 years undergoing cardiac surgery.
Perspective
Postoperative acute kidney injury (AKI) is an important predictor of morbidity and mortality after cardiac surgery. Several risk factors have been identified; however, few studies have focused on young and middle-aged adults. We found that AKI is associated with negative outcomes, even in these younger patients. We identified both common and distinct risk factors for AKI between patients 60 years and those !65 years.
See Editorial Commentary page 266.
See Editorial page 238. Acute kidney injury (AKI) after cardiac surgery is a frequent complication that occurs in up to 40% of patients, 1 with dialysis required in 1% to 2% of all patients. 2 Importantly, AKI has been associated with increased in-hospital mortality and reduced long-term survival. 3, 4 In view of the lack of active treatment for AKI, prevention and management of risk factors remain critical. Many studies have sought to identify preoperative and perioperative risk factors that predispose to AKI after cardiac surgery; however, few have focused specifically on young and middle-aged adults. The general aim of this study was to assess the risk factors for AKI in patients 60 years of age and younger undergoing cardiac surgery and to compare these risk factors with those identified in patients 65 years of age and older. The specific goals were to (1) compare the baseline and operative characteristics, as well as the postoperative clinical outcomes, between patients who did and did not develop postoperative AKI in each age group independently and (2) to model the maximum increase in postoperative serum creatinine by the use of linear regression techniques to identify specific and common risk variables in the younger and older patients. Our hypothesis was that traditional risk factors, such as atherosclerosis related factors, are less likely to be associated with AKI in younger patients than in those older than 65 years. This cohort did not include patients with complex adult congenital heart disease.
METHODS

Study Population
The study was approved by the institutional review board, and a waiver of individual patient consent was obtained. This is a retrospective analysis of data collected between October 2010 and December 2012 in 2 centers affiliated with the University of Montreal: Montreal Heart Institute and Sacr e-Coeur Hospital. All consecutive patients older than 18 years of age undergoing cardiac surgery were screened for eligibility. Exclusion criteria were age 61 to 64 years (n ¼ 588), off-pump coronary artery bypass grafting (CABG) surgery (n ¼ 293), and renal-replacement therapy (RRT) before surgery (n ¼ 32). After the exclusion criteria were applied, the final cohort consisted of 3741 consecutive patients. Of these, 1253 were 60 years of age or younger (study group), and 2488 were 65 years of age or older (control group). Their procedures were performed by 1 of 12 surgeons involved in the study. Preoperative medication was reviewed for the 7 days before surgery. Angiotensin-converting enzyme inhibitors and/or diuretic use were not discontinued before surgery in all patients. During the study period, tranexamic acid was the only antithrombolytic agent used. Data collected included baseline preoperative characteristics, operative details, and postoperative outcomes.
Definitions
Patients who required postoperative dialysis or who presented a greater than 50% increase in serum creatinine in the first 7 postoperative days compared with the last baseline value before surgery were deemed to have AKI. Operative mortality was defined as death occurring within 30 days of surgery or during the index hospitalization. Surgery was considered urgent in patients who had not been electively admitted for operation but who underwent surgery during the same admission for medical reasons. Emergent operation was defined as operation within 6 hours of admission. Weaning from cardiopulmonary bypass (CPB) was considered difficult if any of the following was required: 3 vasoactive agents at low dose, 2 vasoactive agents at high dose, return on CPB, or mechanical support.
Statistical Analysis
The general statistical plan for this study was to first compare the baseline and operative characteristics, as well as the postoperative clinical outcomes, between patients who did and did not develop postoperative AKI in the younger ( 60 years) and older (!65 years) age groups independently and to then model the maximum increase in postoperative serum creatinine by the use of linear regression techniques to identify specific and common risk variables in each group. The specific statistical methods used to achieve these goals are detailed below.
Baseline characteristics, intraoperative data, and early outcomes were compared within each group-ie, patients 60 years and !65 yearsbetween patients who developed postoperative AKI and those who did not. Continuous variables are expressed as mean AE standard deviation (when normally distributed) or median and interquartile range (when not normally distributed), and were compared by means of Student t test or the Mann-Whitney U test, as appropriate. Categorical variables are expressed as frequency (%) and were compared by means of Pearson c 2 test or Fisher exact test, as appropriate. Factors associated with maximum postoperative increase in serum creatinine were identified via a combination of 2 methods. First, linear regression models using least absolute shrinkage and selection operator (LASSO) selection methods were used to identify candidate variables. 5 Variables assessed as potential risk factors were the preoperative baseline characteristics described in Table 1 , as well as the operative data presented in Table 2 . For variables that were not distributed according to the normal distribution (eg, serum creatinine levels, CPB duration), a logarithmic transformation was used. The LASSO is a regression analysis method that applies a penalty to large coefficients, thus resulting in more interpretable regression models. Because of its ability to filter through a large number of variables and shrink effect coefficients, the LASSO method is especially useful when a large number of potential variables are available for model fitting. In addition, the LASSO mitigates many of the issues associated with the stepwise variable selection method used in traditional regression models, such as overfitting resulting from multicollinearity between covariates.
To account for the effect of the individual surgeon and institution, multivariable analyses using mixed effects linear regression models were then conducted with the variables identified through LASSO (the MIXED procedure, SAS software, version 9.4; SAS Institute, Cary, NC). Every mixedeffect model included the last baseline preoperative serum creatinine value as a covariate. Only factors that were significant under both the LASSO- selected and mixed effects models were considered to be validated for the final model. This analysis sequence-ie, variable preselection through LASSO modeling followed by validation through mixed effect linear regression modeling-was first applied separately to patients 60 years and those !65 years, resulting in 2 distinct models. In the final step of model building, all variables identified through the separate models were forced into a common model that included all patients, and all 2-way interaction effects between these variables and age group were examined. Of note, the multivariable model was a linear regression model aimed at modeling maximum postoperative increase in serum creatinine, not a logistic regression model aimed at modeling the incidence of AKI. All analyses were carried out using the SAS software, version 9.4 (SAS Institute). Statistical significance was set at a ¼ 0.05.
RESULTS
Baseline Characteristics
A total of 192 patients (18%) developed AKI in the younger group versus 637 (34%) in the older group. Preoperative patient characteristics are presented in Table 1 . The mean age was 52 AE 9 years in the younger group and 74 AE 6 years in the older age group. In the younger group, 76% of patients were male, compared with 66% in the older group. In both groups, there was a greater proportion of female patients who developed AKI compared with those who did not. Patients who developed AKI also had a greater mean body mass index (BMI) in both groups.
Patients in the younger group who developed AKI had greater rates of hypertension (P ¼ .04) and diabetes (P < .001) compared with those who did not. They were also more likely to be taking diuretics, vasopressors, and inotropes in the week preceding surgery (P <.001). Their last preoperative hemoglobin mean value also was lower (P < .001). Finally, young patients with postoperative AKI had a lower preoperative left ventricular ejection fraction (P ¼ .02) and greater rates of preoperative cardiogenic shock (P ¼ .002), endotracheal intubation (P ¼ .03), previous cardiac surgery (P ¼ .03), and intra-aortic balloon pump (IABP) (P ¼ .004) compared with those who did not develop AKI. These differences between patients who The Journal of Thoracic and Cardiovascular Surgery c Volume 155, Number 1developed postoperative AKI and those who did not were all present in the older group, with the exception of vasopressor (P ¼ .94) and inotrope (P ¼ .10) use, as well as preoperative cardiogenic shock (P ¼ .32) and previous cardiac surgery (P ¼ .37). Patients in both age groups who developed AKI had greater predicted Society of Thoracic Surgeons renal failure scores (P < .001), greater predicted Society of Thoracic Surgeons mortality scores (P < .001), and greater EuroSCORE II scores (P <.001) ( Table 1) .
Operative Details
Operative details are shown in Table 2 . Most patients underwent elective surgery (63%). The vast majority of procedures were performed by sternotomy (93%). Operations performed consisted in isolated CABG in 48% of patients, isolated valvular surgery in 31%, combined CABG and valvular surgery in 16%, and other procedures in 5%. These other procedures consisted mainly in ascending aorta and aortic arch operations, as well as septal myectomies. This cohort did not include any patient with complex adult congenital heart disease (eg, singleventricle physiology, Fontan circulation, etc). In both age groups, patients who developed AKI were more likely to have had a combined CABG and valvular intervention compared with patients with no AKI. In both age groups, patients with AKI had longer CPB and aortic crossclamp times, a greater incidence of difficult CPB weaning, as well as lower hematocrit values both during and after CPB. In patients aged 65 and older-but not in those aged 60 and younger-larger hemodilution volumes and more frequent use of circulatory arrest were seen in patients who developed AKI compared with those who did not.
Clinical Impact of AKI
Early postoperative outcomes are detailed in Table 3 . Among the 192 patients who developed postoperative AKI in the younger group, RRT was required in 15% (n ¼ 29). Among the 637 patients who developed postoperative AKI in the older group, RRT was required in 13% (n ¼ 82). In both groups, patients who developed AKI had greater 30-day mortality compared with those with no AKI (8% vs 0% in the younger group; 11% vs 1% in the older group). In both groups, patients with AKI also had greater rates of prolonged ventilation, reoperation, perioperative myocardial infarction, low output syndrome, atrial fibrillation, permanent pacemaker requirement, postoperative blood product transfusion, as well as longer hospital and intensive care unit stays. 
Multivariable Linear Regression Analysis of Variables Associated With Maximum Postoperative Serum Creatinine Increase
Variables associated with maximal postoperative serum creatinine increase in the final multivariable models are presented in Tables 4 and 5 , as well as in Figure 1 . In both younger and older patients, the following variables were associated independently with postoperative increase in creatinine: greater BMI, peripheral vascular disease, use of diuretics, lower preoperative hemoglobin, preoperative IABP, urgent or emergent status, long CPB time, and hemofiltration.
In addition, certain variables associated with creatinine increase differed between the 2 groups. Although coronary artery disease was protective in young patients, it was harmful in older patients. In younger patients, a larger increase in serum creatinine was associated with diabetes (P <.001), whereas in older patients, it was associated with hypertension (P ¼ .003) and smoking (P ¼ .005). Female sex (P<.001) was associated with a lesser degree serum creatinine increase in young patients but not in the older group. Previous cardiac surgery was associated with larger increases in serum creatinine in the younger group (P<.001) but not in the older group. Conversely, lower preoperative left ventricular ejection fraction was associated with larger increases in serum creatinine in the older age group (P <.001) but not in the younger group. In younger patients, isolated valvular and other (ie, neither CABG nor valvular) operations were associated with a lower degree of postoperative serum creatinine increase (P ¼ .021 and P ¼ .037, respectively), whereas combined CABG and valvular surgery was associated with a greater degree of creatinine increase (P <.001). In contrast, in older patients, isolated valvular and other operations were associated with a greater degree of postoperative serum creatinine increase (P <.001 and P ¼ .013, respectively). Interaction analyses did not significantly alter either multivariable model.
DISCUSSION
Young adults represent a specific population in the realm of cardiac disease. In contrast to older patients, the impact of atherosclerotic risk factors on their vasculature and overall physiology has been less sustained and therefore may be less clinically relevant at the time of surgery. In this study, we sought to specifically determine the risk factors of AKI in young adults undergoing cardiac surgery and compare these with risk factors observed in an older patient population with more established atherosclerotic disease. Interestingly, the main findings of this study suggest that Variables in bold represent significant risk factors in both age groups. CPB, Cardiopulmonary bypass; CABG, coronary artery bypass graft. *In the 7 days before surgery. yLast preoperative value available.
although a number of risk factors are present across both age groups, others appear to be specific to either younger or older patients. The present study identified associations between postoperative creatinine increase and the following preoperative factors in all age groups: high BMI, coronary artery disease, peripheral vascular disease, use of diuretics within 7 days before surgery, high preoperative creatinine, low preoperative hemoglobin, and presence of an IABP. The link between obesity and postoperative outcomes after cardiac surgery is elusive. In the last decade, several investigators have observed a trend referred to as the ''obesity paradox.'' Despite being at an increased cardiovascular risk and having more comorbidities, patients with a greater BMI do not have less favorable outcomes after cardiac surgery. [6] [7] [8] [9] [10] Whether this ''paradox'' applies to postoperative AKI is a matter of debate. Although some studies have found no association between BMI and AKI, 3, 11 others observed a decreased rate of AKI and mortality in obese patients. 8, 10 In contrast, our study demonstrated a clear association between increased BMI and postoperative serum creatinine increase, further contributing to the equipoise surrounding this question.
Anemia, preoperative use of diuretics, preexisting kidney disease, and preoperative IABP insertion have been identified previously as potentially modifiable risk factors of AKI after cardiac surgery. [12] [13] [14] [15] [16] Of these, anemia is the most readily modifiable risk factor. Anemia contributes to the pathogenesis of AKI by reducing tissue oxygen delivery, since hemoglobin is the main factor that determines arterial oxygen concentration. 17 One might have expected to see a lesser effect of preoperative anemia in young adults because of the shorter exposure to atherosclerotic risk factors in these patients, and a presumably greater ischemic reserve. Nonetheless, in the present study, multivariable analyses showed that low preoperative hemoglobin levels were associated with an increase in postoperative serum creatinine levels in both age groups. These findings suggest that just like their older counterpart, younger patients are vulnerable to hypoxemic renal injury secondary to preoperative anemia and that measures aimed at increasing preoperative hemoglobin levels should be sought in these young adults undergoing elective cardiac procedures, similar to what is performed in older patients.
The nephrotoxic effect of diuretics in the context of cardiac surgery can be explained by the association of volume depletion and renal hypoperfusion, 18 resulting in renal hypoxia, one of the main mechanisms of AKI. The association between diuretic use and postoperative creatinine increase observed in this study highlights the fact that diuretics should only be administered when specifically indicated, both preoperatively and in the postoperative setting. 15, 18, 19 High preoperative creatinine-in the setting of chronic kidney disease or surgery after cardiogenic shock with end-organ damage-is also known to be associated with postoperative AKI. 3, 20 This study also identified several risk factors for postoperative serum creatinine increase that differed between younger and older patients. Diabetes mellitus-previously identified as a risk factor for postoperative AKI 13 -was associated independently with creatinine increase in patients 60 years of age and younger but not in those 65 years of age and older. Conversely, atherosclerotic risk factors such as smoking and hypertension were identified as independent risk factors in the older patient group but not in patients 60 years of age and younger. This is likely due to the accumulation of repeated insults to the renal and coronary microvasculature in these older patients, which ultimately leads to decreased autoregulation of renal perfusion. 21, 22 This hypothesis is further supported by the observation that age-a known risk factor for impaired renal autoregulation-was associated significantly with postoperative creatinine increase in the older patient group but not in patients 60 years and younger.
The present study also identified several operative variables associated with postoperative increase in serum creatinine for both younger and older patients: long duration of CPB, hemofiltration, and urgent operative status. This is in line with findings from a recently published metaanalysis that found CPB duration and emergent operative status to be associated with AKI. 23 CPB duration is a well-established risk factor for AKI in the general cardiac surgery patient population. [24] [25] [26] [27] [28] Other variables, such as lower CPB temperatures, low CPB flow and a large difference between preoperative mean arterial pressure and mean arterial pressure during CPB, also have been shown to be associated with AKI. [29] [30] [31] [32] [33] We hypothesized that CPB duration may not have such a direct and marked impact on postoperative renal function in younger patients. However, findings from the present study support the notion that young patients are also vulnerable to the cytotoxic effects of prolonged CPB. A large number of young adults undergoing cardiac surgical procedures often require long operative times because of the complex nature of their lesions, requiring concomitant procedures or the need for hypothermic circulatory arrest in aortic pathologies. In these patients, efforts should be made during CPB to ensure adequate perfusion flow and pressure, optimize hematocrit levels, and limit the use of vasopressor agents during CPB.
Another interesting finding of this study is the differential impact of the type of surgery on postoperative creatinine increase between younger and older patients. Specifically, in patients 65 years or older, isolated CABG was associated with a lower postoperative increase in creatinine compared with isolated valvular or ''other'' operations. In contrast, in patients 60 years or younger, isolated CABG was associated with a greater postoperative increase in creatinine compared with isolated valvular or ''other'' operations but with a lower increase in creatinine compared with combined CABG and valvular surgery. The association between combined operations (ie, CABG and valvular) and greater rates of AKI is not surprising and has been previously demonstrated. 20 However, in the case of isolated procedures, the differential association of CABG and valvular operations with AKI in either age group is more controversial. This uncertainty was highlighted in a recently published metaanalysis that showed no significant association between AKI and type of surgery (CABG vs valvular) but identified very high heterogeneity among published studies (I 2 ¼ 96%). 23 Our finding of a greater degree of creatinine increase in young and middle-aged adults undergoing CABG compared with valvular surgery may be due to the fact that patients who undergo CABG before the age of 60 typically have very aggressive atherosclerotic disease, which may predispose them to renal injury.
The main limitation of this study is its retrospective, observational nature. Even though all patients aged 60 years and less were included in this study, most patients were closer to 60 years of age (mean age: 52 years). Furthermore, outcomes beyond the immediate perioperative period were unfortunately not readily available for analysis, such that no comment can be made on the differential long-term impact of postoperative AKI between younger and older patients. Finally, comparisons between patients in the younger and older groups should be interpreted cautiously as these 2 groups had different baseline and operative characteristics, which were not accounted for in the analysis. Despite these limitations, this study is, to our knowledge, the first to specifically examine the risk factors for postoperative creatinine increase in young and middle-aged adults undergoing cardiac surgery.
CONCLUSIONS
This study identified both common and distinct factors associated with postoperative increase in serum creatinine between patients aged 60 years and younger and those 65 years and older undergoing cardiac surgery. Of note, all modifiable (ie, preoperative hemoglobin, preoperative diuretic use) or potentially modifiable (ie, preoperative IABP, CPB duration) risk factors were present in both groups, highlighting the importance of preoperative and intraoperative strategies aimed at mitigating these various factors in all patients, regardless of age.
